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Abstract—In this paper, we propose and analyze an error-
constrained data transmission approach for uplink communication
using non-orthogonal multiple access (NOMA). The results are
presented for the cases with hybrid automatic repeat request
(HARQ) protocols where, depending on the message decoding status
in the previous rounds, the decoding scheme of the receiver as
well as the data rates/transmission powers of the transmitters are
adapted correspondingly. We perform finite block-length analysis
of the proposed scheme and study the effect of the codewords
length on the performance of NOMA-HARQ protocols. Particularly,
considering repetition time diversity HARQ and codewords of finite
length, we determine the expected error-limited achievable rate and
the transmit power improvement of our proposed scheme, compared
to the conventional NOMA-HARQ protocols. As we show, smart
adaptation of the decoding scheme improves the spectral/energy ef-
ficiency of NOMA-HARQ protocols considerably with no additional
receiver complexity.
Index Terms—Non-orthogonal multiple access (NOMA), Hybrid
automatic repeat request (HARQ), Receiver design, Finite block-
length analysis, URLLC, Delay-limited communications
I. INTRODUCTION
The design of multiple access (MA) schemes is of interest in
wireless networks. Here, the goal is to provide user equipments
(UEs) with radio resources in a spectrum-, cost- and complexity-
efficient manner. In 1G-3G, frequency division multiple access
(FDMA), TDMA (T: time) and CDMA (C: code) schemes have
been introduced, respectively. Then, long-term evolution (LTE)
and LTE-Advanced developed orthogonal frequency division
multiple access (OFDMA) and single-carrier (SC)-FDMA as
OMA (O: orthogonal) schemes. Such orthogonal designs have the
benefit that there is no mutual interference among UEs1, leading
to high system performance with simple receivers.
Recently, non-orthogonal multiple access (NOMA) has re-
ceived considerable attention as a promising MA technique for
certain scenarios, e.g., asynchronous access in massive machine
type communications (see [1] for a survey on the potentials and
challenges of NOMA). With NOMA, multiple UEs are paired and
share the same radio resources in time, frequency and/or code.
Various fundamental results have been presented to determine the
ultimate performance of NOMA in both downlink (DL) [2]–[6]
and uplink (UL) [5]–[8]. These results have been presented for the
cases with asymptotically long codewords, where the achievable
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1In practice, there is some limited controlled residual interference, e.g., from
adjacent channel leakage and, indeed, from inter-cell interference.
rates are given by the Shannon’s capacity formula. However, finite
block length analysis of NOMA has been rarely considered in,
e.g., [9]–[12], where the results are presented mainly for DL
scenarios [9]–[11].
In 3GPP, NOMA has been considered for different applica-
tions. For instance, NOMA has been introduced as an extension
of network-assisted interference cancellation and suppression
(NAICS) for inter-cell interference (ICI) mitigation in LTE Re-
lease 12 [13], as well as a study-item of LTE Release 13, under
the name of DL multi-user superposition transmission (DMST)
[14]. Also, recently a study-item on NOMA has been considered
in Release 15, in which the performance of various NOMA
techniques and their practical implementation challenges have
been investigated [1], [15].
Different techniques have been proposed to incorporate typi-
cal data transmission methods such as hybrid automatic repeat
request (HARQ) to the cases using NOMA [16]–[21], to develop
low-complexity UE pairing schemes [22]–[24], and to reduce the
receiver complexity [25]–[27]. As shown in these works, with
proper parameter settings, NOMA has the potential to outperform
existing OMA techniques at the cost of advanced receiver, UE
pairing and coordination complexity. For these reasons, NOMA
has been suggested as a candidate for data transmission in dense
networks with a large number of UEs requesting access, where
there are not enough orthogonal resources to serve them in an
OMA-based fashion.
Due to the channel state information (CSI) acquisition and
UE pairing overhead, NOMA is of most interest in fairly static
channels with no frequency hopping where the channels remain
constant for a number of packet transmissions. In such cases, the
network suffers from poor diversity. Moreover, NOMA is faced
with error propagation problems where, if the receiver fails to
decode a signal, its interference affects the decoding probability
of all remaining signals which should be decoded sequentially.
For these reasons, there may be a high probability of requiring
HARQ-based retransmissions. On the other hand, as we show
in this paper, the unique properties of NOMA give a chance to
improve the performance of paired UEs during HARQ-based data
transmissions, if the transmission parameters and the decoding
schemes are adapted smartly. This is the motivation for our work,
in which we develop an efficient NOMA-HARQ protocol for UL
communications.
In this paper, we develop and analyze an error-constrained
UL NOMA scheme using HARQ. The objective is to improve
the error-limited rates of one of the paired UEs, or equivalently,
improve its energy efficiency, with no additional complexity at the
receiver and no penalty for the other paired UEs. In our proposed
setup, depending on the message decoding status of the paired
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2UEs, the receiver adapts its message decoding scheme. Moreover,
the receiver informs each UE about the message decoding status
of all paired UEs and the adapted message decoding scheme,
such that each UE updates its transmission parameters, e.g., rate
and power, correspondingly.
We use the fundamental results on the achievable rates of finite
block-length codes [28]–[33] to analyze the system performance
in the cases with short packets. With codewords of finite length,
we study the error-limited expected rate improvement and the
transmission power reduction of the proposed scheme, compared
to conventional NOMA-HARQ protocols. Here, the results are
presented for the cases with repetition time diversity (RTD)
HARQ [34]–[38], while the same approach is applicable for
other HARQ protocols as well. Finally, we study the effect of
different parameters such as the codeword length and the UEs’
error constraints on the system performance.
Our analytical and simulation results show that with different
codeword lengths and a broad range of error constraints, the
expected achievable rates of both the standard and the proposed
NOMA-HARQ protocols scale with the error probability, in
the log domain, almost linearly. Also, the spectral and energy
efficiency of the error-limited NOMA-HARQ based UEs are
sensitive to the error constraints and the codewords length, in
the cases with short packets. However, the sensitivity to the error
constraint/codeword length decreases as the codeword length in-
creases. Finally, adapting the decoding scheme in different trans-
mission rounds of HARQ gives a chance to improve the spectral
and energy efficiency of NOMA-HARQ protocols significantly.
For instance, consider codewords of length 1000 channel uses
(cu) and rate 1 npcu (np: nats per), Rayleigh-fading channels with
typical parameter settings for two paired cell-edge and cell-center
UEs, and error constraint 10−3 for both UEs. Then, compared
to standard NOMA-HARQ, our proposed scheme reduces the
required signal-to-noise ratio (SNR) of the cell-center UE in the
retransmissions by 9 dB.
II. SYSTEM MODEL
Consider the simplest case of a UL scenario where two cell-
edge and cell-center UEs, i.e., two UEs with widely different
channel qualities, want to connect to a base station (BS). As we
explain in Section III, the same approach can be applied to the
cases with different numbers of paired UEs. Let us denote the
cell-center and the cell-edge UEs by UE1 and UE2, respectively.
With NOMA, the UEs share the same spectrum and time resource
to send their messages simultaneously. Thus, the signal received
by the BS in time slot t is proportional to
Y (t) =
√
P1H1(t)X1(t) +
√
P2H2(t)X2(t) + Z(t). (1)
Here, Xi(t) is the unit-variance transmission signal of UEi, i =
1, 2, Hi represents the fading coefficient in the UEi-BS link
and Z ∼ CN (0, 1) is the independent and identically distributed
(IID) complex Gaussian noise added at the BS. Also, Pi denotes
the transmit power of UEi, i = 1, 2. Finally, using successive
interference cancellation (SIC)-based receiver, the BS decodes
the messages sequentially.
The results are presented for the cases with quasi-static chan-
nels where the channel coefficients remain constant during each
transmission round. This is an appropriate model for scenarios
with slow-moving or stationary users, e.g., [36]–[38]. However, as
we explain in Section III, the same approach is also applicable for
the cases with fast-fading conditions. Let us define G1
.
= |H1|2
and G2
.
= |H2|2 which are referred to as the channel gains in the
following. Also, we denote the probability density function (PDF)
and the cumulative distribution function (CDF) of the random
variables Gi, i = 1, 2, by fGi(·) and FGi(·), respectively. We
consider Rayleigh-fading conditions with fGi(x) = λie
−λix, i =
1, 2, where λi, i = 1, 2, depends on the long-term channel
quality/path loss. Also, we assume the channel coefficients to be
known by the transmitters and the BS which is an acceptable
assumption in quasi-static conditions. Finally, the results are
presented for the cases with RTD HARQ where the same signal
(with possibly different power) is sent in each retransmission
round, and the receiver performs maximum ratio combining of
all received copies of the signal.
III. PROPOSED SCHEME
Our goal is to improve the achievable rate of the paired UEs
in error-limited conditions. Considering the transmission setup of
Fig. 1 in Slot 1, the error probability for the data transmission of
UEi, i = 1, 2, is given by Θ1 = F
(
r1,
G1P1
1+G2P2
)
, (i)
Θ2 = (1−Θ1)F (r2, G2P2) + Θ1F
(
r1,
G2P2
1+G1P1
)
, (ii)
(2)
where ri represents the data rate of UEi, i = 1, 2, and F(ri, Ui)
is a function of the considered coding scheme, data rate and the
useful signal power, e.g., signal-to-interference-plus-noise ratio
(SINR) or the SNR, depending on the order and the status of
message decoding of the paired signals. Moreover, (2.i) comes
from the fact that, using the SIC receiver, the BS decodes the
message of UE1 in the presence of interference. Also, (2.ii) is
based on the fact that, as opposed to the cases with infinitely
long codewords, with short packets the BS can still try decoding
the signal of UE2 even if it fails to decode and remove the signal
of UE1.
Note that the error function F(ri, Ui) is an increasing function
of ri and a decreasing function of Ui. In this work, we consider
the fundamental results of [28] where, considering the ultimate
performance for the codewords of moderate length, F(ri, Ui) is
given by
F(ri, Ui) = Q
√L (log(1 + Ui)− ri)√
1− 1(1+Ui)2
 . (3)
Here, L is the codewords length, Q(x) = 1√
2pi
∫∞
x
e−
t2
2 dt
denotes the Q function, and we have ri = KiL , i = 1, 2, where
Ki represents the number of information nats of the codewords
considered by UEi.
NOMA-based transmission in quasi-static dense networks has
advantages and disadvantages. As a disadvantage, the network
may require multiple message retransmissions, due to the lower
average SINR compared to typical OMA systems and also the
static behavior of the channel coefficients, which affects the
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Figure 1. Schematic of the proposed setup. If the message of the cell-center UE is correctly decoded in Slot 1 while the BS fails to decode the message of the
cell-edge UE, in time Slot 2 the BS changes the order of the message decoding in the SIC-based receiver. While with HARQ the changed order of message decoding
still guarantees the error probability constraint of the cell-edge UE, it gives the cell-center UE a chance to improve its performance.
performance of HARQ protocols significantly. Particularly, as
the relative performance gain of NOMA increases when two
UEs with different channel qualities are paired, there is a high
probability that the cell-edge UE may need retransmissions. On
the other hand, along with low CSI/UE pairing overhead, one of
the main advantages of NOMA-based transmission in stationary
networks is that the system performance can be predicted with
high accuracy, which makes it possible to apply smart data
transmission techniques. We exploit this point to improve the
achievable rate/energy efficiency of the cell-center UE as follows.
Figure 1 shows the schematic of our proposed NOMA-HARQ
setup. To simplify the discussions, we present the setup for the
simplest case with two (re)transmission rounds, two paired UEs
and UL transmission. However, as we explain in the following,
the same approach is also applicable for the cases with different
numbers of retransmissions/HARQ protocols and DL transmis-
sion. Let us denote the maximum error probability accepted for
the data transmission of UEi by θi. That is, the data transmission
is constrained to Θi ≤ θi, i = 1, 2. Moreover, we concentrate on
the case where, while the BS decodes the message of the cell-
center UE, i.e., UE1, correctly, it can not decode the message
of the cell-edge UE, i.e., UE2, in the first transmission round.
Discussions on the system performance with other possible cases
of message decoding conditions are presented in the sequel. In
this way, we propose that the data transmission scheme follows
the following procedure (see Fig. 1):
• At the BS: In Slot 1, the BS uses the CSI and the UEs
maximum error constraints θi, i = 1, 2, to determine the
appropriate data rate of the UEs and the order of message
decoding according to
r1 = argx
{
F
(
x, P1G11+P2G2
)
= θ1
}
r2 = argx
{
(1− θ1)F (x, P2G2)
+θ1F
(
x, P2G21+P1G1
)
= θ2
}
(a)
=

r1 = argx
Q
√L(log(1+ P1G11+P2G2 )−x)√
1− 1
(1+
P1G1
1+P2G2
)2
 = θ1

r2 = argx
{
(1− θ1)Q
(
√
L(log(1+P2G2)−x)√
1− 1
(1+P2G2)
2
)
+θ1Q
√L(log(1+ P2G21+P1G1 )−x)√
1− 1
(1+
P2G2
1+P1G1
)2
 = θ2},
(4)
where (a) comes from (3). After finding ri’s, the BS sends
feedback to the UEs to inform each UE about the channel
quality of both UEs, the considered order of message decod-
ing, i.e., if a UE is considered as a cell-edge or cell-center
UE, as well as the maximum rate such that the UEs error
probability constraints Θi ≤ θi, i = 1, 2, are satisfied.
• At the UEs: Based on the received information, the UEs
adapt their transmission rates and send the information
messages in the same spectrum resources as given in (1).
• At the BS: Assume that the message of UE1 (resp. UE2)
is correctly decoded (resp. not decoded) at the end of Slot
1. Thus, in time Slot 2, UE1 will send a new message
while UE2 needs to retransmit the previous message, and
the BS tries to decode the message of UE2 based on the
two copies of its received signals. In this case, we propose
that the BS changes the order of message decoding in the
SIC-based receiver. This is because, considering the fact that
4in Slot 1 the rate of UE2 was set such that its average
error constraint is satisfied, adding the second copy in Slot 2
will indeed guarantee its error constraint even if the second
copy of the signal is affected by interference2. Therefore, in
Slot 2, we can first decode the message of UE2, by, e.g.,
maximum ratio combining (MRC) its two interference-free
and interference-affected signals received in Slots 1 and 2,
respectively. Changing the order of message decoding, on the
other hand, gives the cell-center UE, i.e., UE1, a chance to
send the new signal with a higher rate. Particularly, following
the same arguments as in (4), the data rate of UE1 in Slot
2 increases to
r˜1 =
argx
{(
1− θ˜2
)
F (x, P1G1) + θ˜2F
(
x,
P1G1
1 + P2G2
)
= θ1
}
(b)' argx {F (x, P1G1) = θ1}
= argx
Q
√L (log(1 + P1G1)− x)√
1− 1(1+P1G1)2
 = θ1
 , (5)
where θ˜2 denotes the probability of unsuccessful decoding
for the message of UE2 while combining the two copies of
its signal. Then, (b) is based on the fact that, with the consid-
ered rate allocation of the cell-edge UE and the combination
of its two received signals, with high probability the signal
of the cell-edge UE is correctly decoded at the end of Slot 2,
i.e., θ˜2 is small. Finally, note that we use this approximation
only for simplifying the discussions. However, the same
approach is applicable for the cases with no approximation
in (5).
In this way, at the beginning of Slot 2, the BS sends acknowl-
edgement (ACK) and negative-acknowledgement (NACK) to
UE1 and UE2, respectively, to inform them about their mes-
sage decoding status. Also, it updates its message decoding
order and informs UE1 about its new maximum achievable
rate r˜1 found by (5).
• At the UEs: Receiving NACK and considering, e.g., RTD
HARQ protocol, UE2 retransmits the same signal in Slot 2.
The cell-center UE1, however, adapts the data rate based on
(5) and sends a new signal in the spectrum resources shared
with UE2.
In this way, our proposed scheme makes it possible to increase
the achievable rate of the cell-center UE during the retransmission
rounds of the cell-edge UE. This is particularly because, using
(4), the achievable rate of the cell-center UE in Slot 1 is obtained
as
r1 = log
(
1 +
P1G1
1 + P2G2
)
− Q
−1(θ1)√
L
√√√√1− 1(
1 + P1G11+P2G2
)2 ,
(6)
2In fact, the retransmission of the failed signal increases the successful message
decoding probability for UE2, because the two received copies of the signal are
combined during the decoding process.
where Q−1(·) represents the inverse Q function. Then, consider-
ing Rayleigh fading conditions with fGi(x) = λie
−λix, i = 1, 2,
the CDF of the SINR term U1 = P1G11+P2G2 is given by
FU1(x) =
∫ ∞
0
fG2(y) Pr
(
G1 ≤ x
P1
(1 + P2y)
)
dy
=
∫ ∞
0
λ2e
−λ2y
(
1− e−
λ1x
P1
(1+P2y)
)
dy
= 1− e
− λ1P1 x
1 + λ1P2λ2P1x
, (7)
and, denoting the expectation operator by E{·}, the expected
achievable rate of UE1 in Slot 1 is given by
E{r1} =
∫ ∞
0
fU1(x)
(
log(1 + x)− Q
−1(θ1)√
L
√
1− 1
(1 + x)
2
)
dx
(c)'
∫ ∞
0
fU1(x)
(
log(1 + x)− Q
−1(θ1)√
L
x
1 + x
)
dx
(d)
=
∫ ∞
0
1− FU1(x)
1 + x
dx− Q
−1(θ1)√
L
∫ ∞
0
1− FU1(x)
(1 + x)2
dx
=
1
λ1P2
λ2P1
− 1
(
e
λ2
P2 Ei
(
−λ2
P2
)
− e
λ1
P1 Ei
(
−λ1
P1
))
− Q
−1(θ1)
√
L
(
λ1P2
λ2P1
− 1
)2×
(
e
λ1
P1
(
λ1
P1
(
λ1P2
λ2P1
− 1
)
+
λ1P2
λ2P1
)
Ei
(
−λ1
P1
)
+
λ1P2
λ2P1
e
λ2
P2 Ei
(
−λ2
P2
)
+
λ1P2
λ2P1
− 1
)
. (8)
Here, Ei(x) = − ∫∞−x e−tt dt denotes the exponential integral func-
tion. Also, (c) comes from the approximation
√
1− 1
(1+x)2
'
x
1+x which is tight for moderate/large values of x, and (d) is
obtained by partial integration and some manipulations. On the
other hand, using (5), the instantaneous achievable rate of UE1
in Slot 2 is obtained by
r˜1 = log (1 + P1G1)− Q
−1(θ1)√
L
√
1− 1
(1 + P1G1)
2 . (9)
Thus, the expected rate of Slot 1, i.e., (8), increases to
E{r˜1}
=
∫ ∞
0
fG1(x)
(
log(1 + P1x)− Q
−1(θ1)√
L
√
1− 1
(1 + P1x)
2
)
dx
(e)'
∫ ∞
0
λ1e
−λ1x log(1 + P1x)dx− Q
−1(θ1)√
L
∫ ∞
0
λ1P1xe
−λ1x
1 + P1x
dx
= P1e
λ1
P1 Ei
(
−λ1
P1
)
− Q
−1(θ1)λ1
P1
√
L
(
e
λ1
P1 Ei
(
−λ1
P1
)
+
P1
λ1
)
,
(10)
in Slot 2, where (e) follows the same approximation as in (8).
5Note. As an alternative approach, not requiring the inverse Q
function, one can use the approximation scheme of [29, Eq. 14],
to write
Q
√L (log(1 + u)− r)√
1− 1(1+u)2
 '

1
if u ≤ −
√
pi(e2r−1)
2L + e
r − 1
1
2 −
√
L
2pi(e2r−1) (u− er + 1)
if −
√
pi(e2r−1)
2L + e
r − 1 ≤ u ≤
√
pi(e2r−1)
2L + e
r − 1
0
if u ≥
√
pi(e2r−1)
2L + e
r − 1
(11)
which simplifies the rate allocation problem of the second slot,
i.e., (5), to
r˜1 = argx
Q
√L (log(1 + P1G1)− x)√
1− 1(1+P1G1)2
 = θ1

(f)' argx
{ √
L√
2pi(e2x − 1)(P1G1 − e
x + 1) =
1
2
− θ1
}
= log
(
γβ2 +
√
γ2β4 − (β2 − α2)(α2 + γ2)
β2 − α2
)
,
α =
1
2
− θ1, γ = P1G1 + 1, β =
√
L√
2pi
. (12)
Here, (f) comes from (11). Also, the same procedure can be
applied to find the appropriate rate allocation in Slot 1 which
leads to the same result as in (12) except for γ = P1G11+P2G2 + 1.
Then, one can use (12) and the same procedure as in (10) to
obtain the expected system performance averaged over different
channel realizations.
Finally, considering the proposed approach, the following
points are interesting to note:
• The proposed scheme is at the cost of no extra decoding
complexity at the BS, because it performs conventional SIC-
based decoding but with a different order of decoding.
• We presented the example for the cases with two paired UEs
and two retransmissions. However, the same approach can
be applied to the cases with arbitrary number of paired UEs
and retransmission rounds. With different number of retrans-
missions, in each round the BS checks whether changing the
order of message decoding gives a chance to improve the
performance of some of the paired UEs, with no penalty for
the UEs requiring retransmissions.
• We presented the setup for the cases with RTD HARQ.
However, the same approach is applicable for different (e.g.,
incremental redundancy) HARQ schemes.
• We presented the setup for UL transmission. However, the
same technique can be applied to the DL transmission as
well. With DL transmissions, the BS informs each UE if
the message of the other UE is retransmitted and the UEs
adapt their message decoding orders correspondingly. This
gives the BS a chance to increase the data rate of the UEs
with successful message decoding in the previous time slot.
• We presented the setup for the cases where, while the
message of the cell-center UE is correctly decoded, the BS
fails to decode the message of the cell-edge UE. However,
although it has very low probability, the same approach can
be applied to the case with unsuccessful (resp. successful)
message decoding of the cell-center (resp. cell-edge) UE
as well, where the performance of the cell-edge UE is
improved.
• We presented the setup for the cases with the same error
probability constraint in successive retransmission rounds,
while the same approach can be applied if the error prob-
ability constraint becomes more severe in successive re-
transmissions. In the cases with different error probability
constraints in different retransmissions, the BS checks all
possible orders of message decoding and informs the UEs
correspondingly if a different order of message decoding
helps to improve the system performance with no additional
cost for the retransmitting UEs.
• Finally, while we presented the analysis for quasi-static
conditions, the proposed scheme is also applicable in fast-
fading conditions where the channel coefficients change
during a (re)transmission round. This is because, even with
different channel coefficients, the combination of the two
received signals guarantees the error probability constraint
of UE2 if the initial rate is set based on (4).
A. Improving the Energy Efficiency
In this section, we presented the setup for the cases with rate
adaption. However, the same approach can be applied to the
cases with power adaptation in the second time slot. Particu-
larly, considering the cases with successful (resp. unsuccessful)
decoding of the message of UE1 (resp. UE2), in Slot 2 the BS
can change the order of message decoding and, following the
same discussions as in (5), the cell-center UE can decrease its
instantaneous transmission power from P1 to the one obtained by
P˜1 = argx {F (r1, xG1) = θ1}
= argx
Q
√L (log(1 + xG1)− r1)√
1− 1(1+xG1)2
 = θ1

= argx
{
log(1 + xG1)− r1 = Q
−1(θ1)√
L
√
1− 1
(1 + xG1)2
}
(g)' argx
{
log(1 + xG1)− r1 = Q
−1(θ1)√
L
xG1
1 + xG1
}
=
Q−1(θ1) +
√
LW
(
−Q−1(θ1)√
L
e
Q−1(θ1)√
L
−r1
)
√
LG1W
(
−Q−1(θ1)√
L
e
Q−1(θ1)√
L
−r1
) , (13)
where W(·) is the Lambert W function and (g) is obtained by
the same approximation as in (8) which is tight at moderate/large
SNRs or, equivalently, low error probability constraints, which is
of our interest. In this way, the proposed scheme not only im-
proves the energy efficiency of the cell-center UE but also reduces
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Figure 2. Achievable rate of UE1 in the second round, LDF = 1000, θ1 = 10−3.
the interference for the signals of the cell-edge UE and increases
its successful message decoding probability accordingly.
IV. SIMULATION RESULTS
The tightness of the approximations [28] increases with the
codeword length. For this reason, we present the results for the
cases with codewords of length ≥ 100 where, e.g., (3) gives a
fairly accurate approximation of the error probability of short
packets. Also, the fading parameters of the channels are set to
λ1 = 0.1 and λ2 = 1, which gives 10 dB difference in the
average received powers of the paired UEs. In the meantime, we
have tested the simulations for different parameter settings and
observed the same qualitative conclusions as the ones presented
in the following. Finally, by standard NOMA-HARQ we refer
to the case where the order of message decoding is not updated
during the retransmission rounds.
In Figs. 2-3 (resp. Figs. 4-6), we study the effect of the
proposed scheme on the spectral (resp. energy) efficiency of the
cell-center UE. Particularly, Fig. 2 verifies the tightness of the
approximation methods of (8), (10) and (12), and compares the
achievable rate of the cell-center UE in the cases with both the
standard and the proposed NOMA-HARQ schemes. Here, the
results are presented for the cases with L = 1000 and θ = 10−3.
Then, setting P1 = P2 = 30 dBm, Figs. 3a and 3b demonstrate
the effect of the codewords length and the UEs’ error probability
constraints on the achievable rate of the cell-center UE in Slot 2.
In Fig. 4, we analyze the energy efficiency improvement of
the proposed scheme in the cases with different transmission
rates of the paired UEs, L = 1000, P2 = 40 dBm and based on
both the simulation and analytical approach of (13). Then, Fig. 5
studies the effect of the codewords length on the required power
of the cell-center UE in Slot 2 to satisfy different error probability
constraints. Here, we present the result for L = 1000, P2 = 30
dBm.
In Figs. 2-5, we consider the cases where the number of
information nats per codeword scales with the codeword length
such that the data rate is not affected by the codeword length.
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Figure 3. Achievable rate of UE1 in the second round versus (a) codeword length
L and (b) error constraint θ1. The parameters are set as P1 = P2 = 30 dBm.
On the other hand, Fig. 6 studies the expected required power
of the cell-center UE in Slot 2 in the cases with a given number
of information nats per codeword Ki, i = 1, 2, and P2 = 40
dBm, where the data rate decreases with the codewords length
according to ri = KiL ,∀i. According to the figures, the following
conclusions can be drawn:
• On the tightness of the approximations results. As seen in
Figs. 2, 4 and 5, the approximation approaches of (8), (10),
(12) and (13) are very tight for a broad range of error
constraints/parameter settings, such that the curves of the
simulation and approximation results are superimposed in
the figures. Thus, the proposed analytical methods can be
efficiently used for the finite blocklength analysis of both
NOMA and NOMA-HARQ protocols.
• On the spectral efficiency of the proposed scheme. With
the standard error-constrained NOMA-HARQ protocol, the
achievable rate of the cell-center UE is interference-limited
(Fig. 2). With our proposed scheme, instead, the expected
achievable rate of the cell-center UE increases monotonically
with the transmission power (Fig. 2). Finally, the efficiency
of the proposed scheme, compared to standard NOMA-
HARQ, increases with the UEs transmission power.
• On the effect of the codeword length. Depending on whether
the data rate scales with the codeword length or not,
the codeword length has different effects on the system
performance. First, consider the case with a given data
rate, i.e., when the number of nats per codeword scales
with the codeword length. Here, for both the standard and
the proposed NOMA-HARQ protocols, the error-limited
required power of the cell-center UE is slightly sensitive
to the length of the codewords, if the packets are of short
length. However, with a given rate, the achievable rate and
the required power of the cell-center UE become insensitive
to the codeword length, as the codeword length increases,
and the system performance converges to the constant values
for asymptotically long codewords (Figs. 3a and 5). On
the other hand, with a given number of information nats
7per codeword, the error-limited required power of UE1 is
considerably affected by the codeword length (Fig. 6). This
is intuitive because, with a given number of information nats
per codeword, both the error probability and the data rate
decrease with the codeword length.
• On the effect of the error constraint. The sensitivity of
the cell-center UE’s achievable rate to the error constraint
decreases with the codeword length (Fig. 3a). Moreover,
compared to the standard NOMA-HARQ scheme, the pro-
posed method is slightly less sensitive to the codeword
length/error constraint (Figs. 3a and 3b). Finally, with differ-
ent codeword lengths and a broad range of error constraints,
the expected achievable rate of both the standard and the
proposed NOMA-HARQ protocols scales with the error
probability, in the log domain, almost linearly (Fig. 3b).
• On the power efficiency of the proposed scheme. For different
parameter settings, the proposed method and adapting the
decoding scheme in different transmission rounds of HARQ
improves the energy efficiency of NOMA-HARQ protocols
significantly. For instance, consider the parameter settings of
Fig. 4, θ1 = 10−3 and r1 = 1 npcu. Then, compared to the
standard NOMA-HARQ, our proposed scheme reduces the
required SNR of the cell-center UE in the retransmission
round by 9 dB (Fig. 4). This is intuitive because with
the proposed scheme the signal of the cell-center UE is
decoded interference-free during the retransmission slots of
the cell-edge UE. Note that 1) such a performance gain is
observed for a broad range of error constraints, data rates
and codeword length (Fig. 4), and 2) it is at the cost of
no additional receiver complexity because only the order of
message decoding is updated in the retransmissions. More-
over, the relative performance gain of the proposed scheme,
compared to standard NOMA-HARQ, increases with the
codeword length (Fig. 6). Finally, we should emphasize that
1) such spectral/power efficiency gains are achieved not in
all time slots but only in the cases with retransmissions
of the cell-edge UE, and 2) with a high error probability
contraint, the proposed scheme may slightly increase the
error probability of message decoding for the cell-edge UE.
However, with moderate/low error probability constraints,
which is our point of interest, the relative performance loss
of the cell-edge UE is negligible (see Section III).
V. CONCLUSIONS
We proposed and analyzed a NOMA-HARQ approach in which
adapting the decoding scheme at the receiver gives a chance to
improve the performance of one of the paired UEs with no penalty
for the other paired UE(s) and no additional implementation
complexity at the receiver. The proposed scheme is fairly general
in the sense that it can be applied for different HARQ protocols,
both UL and DL transmission as well as for different UE
pairing schemes/channel models. As we showed, with different
error constraints and codeword lengths, our proposed scheme
improves the spectral and energy efficiency of the cell-center UE
considerably. Moreover, while the system performance is affected
by the codeword length and error constraint in the cases with
short packets, the effect of the codeword length decreases, as the
codeword length increases.
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The results are presented for the cases with both analytical and simulation results.
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